Abstract
Introduction
The introduction of anti-programmed death receptor-1 (anti-PD-1) antibodies, pembrolizumab and nivolumab, and the anti-programmed death-ligand 1 (anti-PD-L1) antibodies, such as atezolizumab and durvalumab, has dramatically changed the treatment landscape for nonsmall cell lung cancer (NSCLC). Currently in the US, pembrolizumab is the only one of these agents approved by the US Food and Drug Administration (FDA) for first-line monotherapy of metastatic NSCLC (for tumors negative for epidermal growth factor receptor/anaplastic lymphoma kinase [EGFR/ALK] genomic alterations). In the second line setting, pembrolizumab, nivolumab, and atezolizumab are all approved for advanced and metastatic NSCLC therapy upon disease progression after platinum-based chemotherapy and treatment for EGFR/ ALK genomic alterations, if indicated.
Pembrolizumab therapy is approved in conjunction with a companion diagnostic, the PD-L1 IHC 22C3 pharmDx test (Agilent Technologies, Carpinteria, CA), for identifying those patients who are likely to benefit from pembrolizumab [1] [2] [3] [4] [5] . As first-line therapy, pembrolizumab is approved as monotherapy for metastatic NSCLC with high tumor expression of PD-L1 (tumor proportion score [TPS] of �50%), and in combination with pemetrexed and carboplatin for metastatic NSCLC with nonsquamous histology regardless of PD-L1 expression level. In addition, pembrolizumab is approved as second-line monotherapy for advanced or metastatic NSCLC with PD-L1 TPS �1%. However, testing for PD-L1 tumor expression is not a labeled requirement for use of nivolumab and atezolizumab, although FDA-approved drug-specific complementary PD-L1 diagnostic assays were developed for use in clinical trials, namely, the Agilent PD-L1 IHC 28-8 pharmDx for nivolumab and the Ventana PD-L1 (SP142) Assay (Ventana Medical Systems, Tucson, AZ) for atezolizumab [6] [7] [8] [9] . Another available PD-L1 assay is the Ventana PD-L1 (SP263) Assay, developed for use with durvalumab, a PD-L1 antibody FDA-approved for treating urethelial carcinoma and unresectable Stage III NSCLC. In addition, some centers are using laboratory-developed tests (LDTs) for PD-L1 that employ various combinations of primary antibodies and IHC autostainer platforms [6, 10, 11] .
The utilization of different PD-L1 IHC assays, as well as the different PD-L1 tumor expression cut-points used in clinical trials, raised concerns in the oncology community as early as 2015 regarding the concordance among these assays and the optimal approach for measuring PD-L1 [12] [13] [14] . The Blueprint PD-L1 IHC Assay Comparison Project is an industrial-academic partnership seeking to harmonize IHC PD-L1 testing [10] . Results of Blueprint phase 1, a feasibility study evaluating the analytical comparability of four assays (22C3, 28-8, SP263, and SP142) assessed independently by three experts, indicated that PD-L1 tumor expression (cell staining) was concordant for the 22C3, 28-8, and SP263 assays, while the SP142 assay consistently showed fewer stained tumor cells [10] . The Blueprint study phase 2 confirmed the findings of phase 1 using real-world routine clinical samples from 81 patients, with concordant results as read by 25 trained pathologists [15] . Several other validation studies have reported similar findings [6, 11, [16] [17] [18] [19] . Recent evidence suggests, however, that, while the 22C3 and 28-8 assays may be interchangeable, potential differences can occur among laboratories and individual pathologists in applying specific PD-L1 cut-points, particularly when using LDTs that are not properly validated [11, 18] and particularly at lower cut-points [16, 17] . The need to standardize PD-L1 testing is highly relevant in the clinical setting, where clinicians must choose the optimal treatment regimen for their patients with NSCLC. Evidence from a recent meta-analysis indicates improved overall response rates with anti-PD-1/anti-PD-L1 therapy in NSCLC when used to treat chemotherapy-naïve patients as compared with patients previously treated with chemotherapy [20] , highlighting the importance of identifying patients who will benefit from firstline anti-PD-1/anti-PD-L1 therapy.
Prior studies comparing PD-L1 results by IHC assay type have been conducted by prespecified and, in most cases, highly experienced, trained pathologists. However, knowledge is limited regarding the current use and concordance of PD-L1 assays in the real-world clinical setting. The objectives of this retrospective study were to study the distribution of PD-L1 tumor expression by assay type among patients with metastatic NSCLC treated at US oncology practices and to assess recent PD-L1 testing patterns.
Methods

Data source
This was a retrospective cohort study utilizing longitudinal electronic health record data from the Flatiron Health database [21] . At the time of our study, this database included de-identified data from active records of more than 2 million patients with cancer in the United States. Both structured and unstructured patient-level data are included in the Flatiron database, which is refreshed monthly. The structured data include laboratory values, limited biomarker information, and prescribed drugs, while unstructured data include information taken from unstructured documents, such as physician's notes in the medical record and detailed biomarker, radiology, and pathology reports.
Study design and patient population
The population for this study was derived from patients with advanced NSCLC represented in the Flatiron Health database, which has the following inclusion criteria: (1) diagnosis of advanced NSCLC, confirmed via review of unstructured documentation, and (2) at least two clinical visits documented in the Flatiron dataset on or after January 1, 2011.
Patients who received an initial diagnosis of metastatic or recurrent NSCLC from October 2, 2015 (the first US FDA approval date for pembrolizumab in second-line treatment of metastatic NSCLC with PD-L1 TPS �50% [22] ), through December 31, 2017 (most recent data cut from Flatiron Health at the time of this analysis), were included in the study. Eligible patients were 18 years or older at the time of diagnosis, which was histologically or cytologically confirmed. Patients were excluded if they had a PD-L1 tumor expression test date recorded before October 2, 2015.
This was a non-interventional study using anonymized data; therefore, informed consent was not possible or necessary. No patient identifying information was accessible during the study, and the data in the Flatiron Health database are protected against breach of confidentiality [21] .
Study outcome measures
We evaluated PD-L1 testing information for all eligible patients, including the IHC assay type and the distribution of PD-L1 tumor expression by IHC assay type. The assays included were three FDA-approved IHC assays (Agilent 22C3 pharmDx, Agilent 28-8 pharmDx, Ventana PD-L1 SP142 assay) and all LDTs pooled (including Ventana SP263). We defined the test date as the results date, and PD-L1 tumor expression as the percentage of tumor cells staining for PD-L1. At the time of the study, the database did not capture results for immune cell staining seen with the SP142 assay. Patients could have more than one PD-L1 test and/or assay type.
Statistical analyses
We used descriptive statistics to summarize patient demographic and clinical characteristics at baseline and the percentage of patients tested, by PD-L1 assay type. For patient baseline characteristics, continuous and count variables were compared using a t test, and binary and categorical variables were compared using the χ 2 test.
The χ 2 test was used to compare PD-L1 tumor expression, categorized as <1%, 1-49%, and �50%, (1) across four assay types including the SP142, (2) across three assay types (22C3, 28-8, and LDTs, which also included the SP263) excluding the SP142, and (3) between two assay types (22C3 and 28-8).
Statistical analyses were performed using SAS 9.4 software (SAS Institute Inc., Cary, NC).
Results
Patients
Of 12,585 patients with metastatic or recurrent NSCLC diagnosis on or after October 2, 2015, through December 31, 2017, we identified 12,574 (>99%) patients eligible for the study (Fig  1) , ranging in age from 20-85 years (mean 69 years) and including 6620 (53%) men (Table 1) . Overall, 9048 (72%) patients had nonsquamous NSCLC, 2821 (22%) had squamous NSCLC, and 705 (6%) had NSCLC not otherwise specified (NOS). A total of 6024 (48%) patients had one or more tests for PD-L1 at any time from October 2, 2015, through December 31, 2017; the remaining 6550 (52%) patients in the study cohort were not tested for PD-L1 status. Patients whose NSCLC was tested for PD-L1 were more likely to have NSCLC initially diagnosed at stage IV (83% vs. 70% of those not tested; p < 0.001), of nonsquamous histology (76% vs. 68%; p < 0.001), and tested for EGFR mutation and ALK rearrangement (87% vs. 56%; p < 0.001; Table 1 ). Other statistically significant differences between patients who were tested for PD-L1 and those not tested appeared not to be clinically significant, for example, 36% vs. 33% of those with vs. without PD-L1 test, respectively, were age 65 years or younger.
PD-L1 results by assay type
The 6024 patients had a total of 7031 PD-L1 tests, of which 4868 tests (69%) were included in the analyses, and 2163 tests (31%) were excluded because of missing assay type (n = 749), missing PD-L1 tumor expression data (n = 645), or missing assay type and results (n = 769). The 22C3 assay was the most common one used, comprising 78% of available assay results ( Table 2 ). The LDTs, taken as a group, were the second most common assays used (15%), followed by the 28-8 assay (4%), and, least commonly, the SP142 assay (3%; Table 2 ).
Measured PD-L1 tumor expression, categorized as <1%, 1-49%, and �50%, varied significantly across the four assay types (χ 2 p < 0.001) and across three assay types excluding the SP142 assay (χ 2 p < 0.001). However, there was no significant difference between the 22C3 and 28-8 assays for PD-L1 tumor expression as categorized (χ 2 p = 0.96; Table 2 ). A PD-L1 tumor expression of �50% was recorded approximately one-third of the time with the 22C3 and 28-8 assays, less frequently with LDTs (23%), and 10% of the time with the SP142. Of the 45 tests using the SP263 assay, 9 (20%) had recorded PD-L1 tumor expression �50% (results included with LDTs; see Table 2 ).
PD-L1 testing trends
The percentage of patients whose NSCLC was tested for PD-L1 increased during the study period from 18% in the fourth quarter of 2015 to 71% in the third quarter of 2017 (Table 3) . The 22C3 was the most common assay used in each quarter, with LDTs representing the All testing for PD-L1 was required to be on or after October 2, 2015; however, patients were not required to have a PD-L1 test to be eligible for the study. (Table 3) .
Discussion
We found no significant difference in measured PD-L1 tumor expression between the 22C3, the most common assay type, and the 28-8 assay, in this observational study of PD-L1 testing patterns for patients with metastatic or recurrent NSCLC at US oncology practices. These findings indicate that the 22C3 and 28-8 can be used interchangeably for measuring PD-L1 tumor expression in NSCLC. Most importantly, however, the results of LDTs and particularly the SP142 assay appeared discordant, with proportionately fewer PD-L1 tumor expression results of �50%, suggesting that some cases of NSCLC with high PD-L1 tumor expression could have been missed. Recent study results have indicated that pembrolizumab administered in the first-line setting may be more effective than in the second-line or later setting, as demonstrated in the KEYNOTE-024 trial and a recent large meta-analysis [3, 20] . Therefore, in the clinical setting, correctly identifying patients with NSCLC PD-L1 tumor expression score �50% and thus eligible for first-line therapy with pembrolizumab is imperative.
Our study evaluated concordance of PD-L1 assays in real-world oncology practice where most patients are treated. This enabled us to include almost 5000 NSCLC samples, a much higher number than those examined in prior quality-controlled, laboratory-based comparative studies (from 21 to 493 samples) [6, 10, 11, [15] [16] [17] [18] [19] 23, 24] . Our findings support the results of prior work, including the Blueprint study phases 1 and 2, which found that the SP142 consistently underperforms as compared with the 22C3 and the 28-8 [10, 15] .
We included the SP263 in the LDT category because the SP263 was not approved for use in NSCLC in the US during the study. Only 45 tests used the SP263, too few from which to draw conclusions. In Blueprint phases 1 and 2 [10, 15] , as well as in other prior studies [11, [16] [17] [18] , the results of the SP263 were considered to be aligned with those of the 22C3 and/or the 28-8, while in two studies, the SP263 stained more tumor cells on some samples relative to the other assays [19, 24] . We found that LDTs constituted a substantial proportion of all PD-L1 assays (15%) included in the database. The overall percentage of tumors with measurable PD-L1 tumor expression (�1%) using LDTs (63%) was similar to that using the 22C3 (61%) and the 28-8 (61%); however, the proportion with PD-L1 �50% was much lower (23% vs. 33% and 32%, respectively), suggesting that the LDTs as a group could be less sensitive IHC assays. Two recent studies examining interlaboratory and interassay concordance both found that locally developed LDTs produced variable results, some aligned and some not aligned with those of the 22C3, 28-8, and SP263 [11, 18] . Other studies report good concordance among the 22C3 and 28-8 and specific validated LDTs [23, 25] . These results together with ours suggest that all LDTs should be carefully validated and that clinicians should exercise caution in relying on LDTs for PD-L1 IHC assays.
The implementation of NSCLC testing recommendations in the clinical setting can be challenging, particularly as NSCLC guideline recommendations have expanded to testing for molecular biomarkers other than EGFR/ALK genomic alterations, including ROS1 and BRAF, in addition to PD-L1 [26, 27] . Primary lung tumors often have low tumor cellularity, and obtaining adequate tissue quantity and quality for both histological subtyping of NSCLC as well as molecular and biomarker testing may be difficult [27] .
Strengths of this observational study include the large sample size, the very recent, up-todate findings, and the use of a large, well-maintained database drawing on longitudinal medical records from a geographically diverse patient population in the US [21] . Our results reflect current clinical practice in the US, with PD-L1 readings by numerous different pathologists. Not surprisingly, we found that the percentage of patients whose NSCLC was tested for PD-L1 increased substantially from the fourth quarter of 2015 through the fourth quarter of 2017.
Several limitations of this study should be considered in interpreting our analyses. The Flatiron data primarily reflect real-world clinical practices at community oncology centers (~90% of patients in this study), with fewer patients seen or beginning treatment at academic medical centers, for example. We lacked some information that would have been useful to assess the generalizability of our findings, including the types of testing laboratories, handling of diagnostic material, and the specimens themselves-whether histologic or cytologic, and whether newly obtained or archived specimens. Moreover, data were missing regarding assay type or results for 31% of the recorded tests. Finally, the study dataset did not include response data associated with the PD-L1 test results.
Continuing follow-up over time with more complete characterization of PD-L1 test specimens will be important to supplement our findings. The rapid increase in rates of PD-L1 testing, as observed in this study, will facilitate future study of the impact of PD-L1 assay type on the reported level of PD-L1 tumor expression. In addition, information about patient outcomes associated with PD-L1 tumor expression levels and chosen therapies in the real-world setting is of great interest. Other areas for further research include identifying and addressing barriers to PD-L1 testing in clinical practice.
In conclusion, our findings suggest that the 22C3 and 28-8 assays can be used interchangeably for measuring PD-L1 tumor expression in metastatic or recurrent NSCLC. Instead, use of the SP142 assay or an LDT for IHC PD-L1 screening is associated with less reliable capture of PD-L1 positivity, particularly at the higher cut-point of �50% PD-L1 tumor expression. This could result in a missed opportunity for first-line monotherapy with an anti-PD-1/anti-PD-L1 agent and optimizing outcomes for patients with metastatic NSCLC.
